Neural stem cells persist after embryonic development in the subventricular zone (SVZ) niche and produce new neural cells during postnatal life; ependymal cells are a key component associated with this neurogenic niche. In the animal model of human hydrocephalus, the hyh mouse, the ependyma of the lateral ventricles is progressively lost during late embryonic and early postnatal life and disappears from most of the ventricular surface throughout its life span. To determine the potential consequences of this loss on the SVZ, we characterized the abnormalities in this neurogenic niche in hyh mice. There was overall disorganization and a marked reduction of proliferative cells in the SVZ of both newborn and adult hyh hydrocephalic mice in vivo; neuroblasts were displaced to the ventricular surface, and their migration through the rostral migratory stream was reduced. The numbers of resident neural progenitor cells in hyh mice were also markedly reduced, but they were capable of proliferating, forming neurospheres, and differentiating into neurons and glia in vitro in a manner indistinguishable from that of wild-type progenitor cells. These findings suggest that the reduction of proliferative activity observed in vivo is not caused by a cell autonomous defect of SVZ progenitors but is a consequence of a reduced number of these cells. Furthermore, the overall tissue disorganization of the SVZ and displacement of neuroblasts imply alterations in the neurogenic niche of postnatal hyh mice.
INTRODUCTION
During brain development, the ventricular zone (VZ) consists of a pseudostratified neuroepithelium that contains multipotent radial stem cells. A population of radial cells differentiates into immature ependyma, which further differentiates into mature ependyma during the first postnatal week (1) . In the mature brain, neurogenesis continues in a circumscribed region of the external wall of the lateral ventricles, that is, the subventricular zone (SVZ). It has been proposed that a subpopulation of astrocytes, named B cells, retains stem cell properties and remains in the SVZ in the postnatal period (2Y6). The SVZ also contains highly proliferative cells termed Type C cells that are regarded as intermediate precursors of neuroblasts (Type A cells). Neuroblasts migrate along a complex network of interconnected pathways that form the rostral migratory stream toward the olfactory bulbs (7) . This migratory mechanism differs from the radial and tangential migrations that occur during development of the cerebral cortex (8) .
The ependymal cells that line the external wall of the lateral ventricles are a key component of the SVZ neurogenic niche in the postnatal period (9) . They are the source of several factors, including noggin, which promotes neurogenesis (10) , and pigment epithelium-derived factor, which participates in the maintenance of neural precursors (11) . There is evidence that ependymal cells are postmitotic and do not generate during adult life (1) , but recent studies indicate that there may be resident stem cells that exist in the ependymal lining of adult mammals (12, 13) . It has been proposed that ependymocytes, which express prominin-1/CD133, are quiescent stem cells that give rise to olfactory bulb neurons throughout the life span (12) . The proliferative activity of the ependymocytes may be triggered under certain experimental and pathological conditions (13, 14) .
Hydrocephalus is associated with defects in the ependymal lining in animal models (15Y18) and in humans (19Y21). In hydrocephalic human fetuses, loss of the ependyma of the lateral ventricles is associated with alterations of the SVZ, ependymal rosettes, and displacement of neuroblasts at the ventricular surface (21) . Moreover, decreased mitotic activity in the SVZ has been described in animals with induced hydrocephalus (22, 23) .
The hyh (hydrocephalus with hop gait) mouse carries a point mutation in the Napa gene that encodes >-Snap, a protein involved in membrane fusion events (24Y26). During embryonic development and early postnatal periods of wild-type (wt) mice, >-Snap is preferentially expressed in the VZ/ ependymal lining, with low levels of expression in the SVZ (27) . In whole-brain lysates of hyh mice, the mutant protein is approximately 40% less abundant than it is in wt mice (25, 26) . In these mutant mice, hydrocephalus is preceded by a rostrocaudal wave of denudation of the VZ lining that starts at early stages of embryonic life (E12.5) and continues throughout development (28Y30). As a consequence of the VZ denudation, large areas of the ventricular walls become devoid of ependyma, and an astrocytic reaction in the denuded area produces a glial scar that covers the ventricular surface (30) . Here, we investigated the postnatal neurogenic processes in the SVZ of the lateral ventricles from which the ependymal lining disappears in hyh mice.
MATERIALS AND METHODS

Animals
The hyh mutant mice (hydrocephalus with hop gait, B6C3Fe-a/a-hyh/J) were obtained from the Jackson Laboratory (Bar Harbor, ME) and bred into a colony. Housing, handling, care, and processing of the animals were carried out in accordance with European and Spanish laws (DC 86/609/CEE and RD 1201/2005) and following the regulations approved by the council of the American Physiological Society. Mice of postnatal ages P1, P3, P4, P6, P11, P33, P60, and P300 were obtained. Mutant hyh mice and their normal wt littermates were identified by genotyping and microscopic analysis of brain sections (30) .
Light Microscopy
Mice were anesthetized by intraperitoneal (i.p.) administration of Dolethal (sodium pentobarbital; Vétoquinol, Lure, France; 0.2 mg/g body weight) and perfused transcardially with Bouin fixative or 4% paraformaldehyde in 0.1 mol/L phosphate buffer, pH 7.4. The brain was removed and processed to obtain paraffin-embedded (Bouin fixed tissue, 10-Km-thick), vibratome-sliced (200-Km-thick) or frozen (40-Km-thick, paraformaldehyde-fixed) sections. Some of the paraformaldehyde-fixed brains were processed for wholemount immunocytochemistry.
Bromodeoxyuridine Labeling
Bromodeoxyuridine (BrdU; Sigma, St Louis, MO) was administered to wt and mutant hyh mice to label cells undergoing proliferation. There were 5 different protocols, as follows: Protocols 1 and 2: At P3 (wt, n = 3; hyh, n = 2), P7 (wt, n = 2; hyh, n = 1), P11 (wt, n = 4; hyh, n = 4), P33 (wt, n = 1; hyh, n = 2), P60 (wt, n = 1; hyh, n = 2), and P300 (wt, n = 1; hyh, n = 1), the mice were injected i.p. with a single dose of BrdU (100 mg/kg) and killed 90 minutes (Protocol 1) or 24 hours (Protocol 2) later. Protocol 1 allowed for the identification of dividing cells using double immunostaining of tissue sections at a specified age. Protocol 2 allowed for the identification of large numbers of dividing cells in wholemount immunostaining and was used to study the rostral migratory stream at P30. Protocol 3: P3 mice received a single injection of BrdU and were killed 3 hours later. Protocol 4: Mice were injected i.p. with 3 daily doses of BrdU (100 mg/kg) on days P1 to P3 and killed at P3, 3 hours after the last injection. Protocol 5: Mice were injected i.p. with 3 daily doses of BrdU (100 mg/kg) on days P4 to P6 and killed at P6, 3 hours after the last injection. Bromodeoxyuridine was detected by immunocytochemistry or immunofluorescence. Protocols 3, 4, and 5 allowed for the quantification of the proliferative activity in the SVZ in wt and hyh mice at P3 and P6.
Data Analysis
Quantitative analysis of BrdU-labeled nuclei in the SVZ was performed in mice that were treated according to Protocols 3, 4, and 5, as previously described. In each protocol, 4 wt and 4 hyh mice were used. For each animal, 3 sections corresponding to the caudal, middle, and rostral levels of the lateral ventricles were selected from the entire series of sections that were immunostained with anti-BrdU (Protocols 3, 4, and 5). To quantify BrdU-positive cells, 40Â digital photographs of BrdU-labeled paraffin sections were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD) and Student t-test. In comparable sections, the dorsolateral SVZ was divided into equal areas. The total numbers of labeled cells per area were counted regardless of size, shape, or staining intensity.
Light Microscopy Immunocytochemistry and Histochemistry
Paraffin sections, frozen sections, vibratome sections, and whole mounts of the brains of 2 animals of each age were processed for light microscopy immunocytochemistry and lectin binding. The primary antibodies used are listed in the Table. Some immunostained paraffin sections were counterstained with hematoxylin. Histochemistry for the lectin Lycopersicum esculentum (tomato lectin [TL] ; affinity, N-acetylglucosamine, N-acetylgalactosamine) and immunocytochemistry for the lectin Limax flavus ([LFA] affinity, sialic acid) were performed as previously described (29) .
Immunofluorescence and Confocal Microscopy
Double immunofluorescence staining was performed on frozen sections and whole-mount preparations by combining BrdU (Protocols 1 and 2) with other antibodies to identify dividing cells of the types that constitute the VZ and SVZ (Table) . Thus, anti-BrdU was combined with antibodies against glial fibrillary acidic protein (GFAP) or polysialylated neural cell adhesion molecule (PSA-NCAM). Additional combinations were GFAP with PSA-NCAM or GFAP with A-tubulin III. Double immunofluorescence staining and confocal microscopy were applied to identify neurons and astrocytes that differentiated from neurospheres. Appropriate secondary antibodies conjugated with Alexa Fluor 488 or 568 (1:2000 dilution; Molecular Probes, Carlsbad, Calif ) were used.
Scanning Electron Microscopy
Wild-type and hyh mutant mice at P30 and P60 (n = 1 animal per age and condition) were processed for scanning electron microscopy as previously described (28) .
Transmission Electron Microscopy
Wild-type (n = 2) and hyh (n = 5) mice at P0 and wt (n = 1) and hyh (n = 2) mice at P11 were anesthetized as previously described and perfused with 2% paraformaldehyde (Merck, Darmstadt, Germany), j2.5% glutaraldehyde (EMS, Hatfield, PA) in 0.1 mol/L cacodylateY0.1 mol/L sucrose buffer. Brains were dissected and postfixed in the same solution. Vibratome sections were obtained, postfixed in OsO 4 (Merck), and embedded in Araldite 502 (Sigma). Semithin sections, 1-Km-thick, were stained with 1% toluidine blue, studied under the light microscope, and used to analyze the overall organization of the VZ and SVZ; ultrathin sections stained with lead citrate were analyzed by transmission electron microscopy (EM, Tecnai Spirit G2, FEI, Hillsboro, OR) and used to identify SVZ cell types, as established by Doetsch et al (9) and Tramontin et al (4) .
H-Thymidine Autoradiography
Wild-type (n = 2) and mutant hyh (n = 2) mice were injected i.p. with a single dose of 3 H thymidine (1.67 KL/g; specific activity, 6.7 Ci/mmol/L; Amersham, Buckinghamshire, UK) at P30 and P60 and killed 5 hours later. Animals were anesthetized with a ketamine/xylazine mixture and perfused with 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer. Brains were removed and immersed overnight in fresh fixative. Vibratome sections were obtained and embedded in Araldite. Semithin sections (1.5-Km-thick) were obtained, dipped in autoradiographic emulsion, exposed for 4 weeks at 4-C, developed in Kodak D-19 (Kodak, Rochester, NY), and counterstained with 1% toluidine blue. These sections were then glued to Araldite blocks and detached from the glass slide by repeated freezing in liquid nitrogen and thawing. Ultrathin sections were obtained from 3 H thymidine<labeled cells.
Neural Stem Cell Culture
Neural stem cells (NSCs) were obtained by a neurosphere cell culture system described elsewhere (32, 33) . Briefly, neonatal P3 and P4 wt (n = 3) and hyh (n = 3) mice were killed by decapitation, and the brains were quickly removed. Two frontal cuts through the brain were performed with a razor blade to obtain a slice of the rostral telencephalon that excluded the dentate gyrus of the hippocampus and the olfactory bulb. The tissue slice was mechanically dissociated and used to obtain a single cell suspension in 1 mL of chemically defined Dulbecco modified Eagle medium/F12 medium containing 0.6% glucose, 2 mmol/L L-glutamine, 9.6 g/mL putrescine, 6.3 ng/mL progesterone, 5.2 ng/mL sodium selenite, 0.025 mg/mL insulin, 0.1 mg/mL transferrin, and 2 g/mL heparin. Cells were seeded at a final density of 20 viable cells per liter in uncoated plastic tissue culture dishes (ultralow attachment plastic tissue culture dishes; Corning, NY) in the presence of 20 ng/mL epidermal growth factor. Clonally derived neurospheres started to appear after 3 to 4 days in vitro (DIV). All cell culture reagents were purchased from Sigma. BrdU, bromodeoxyuridine; DSHB, Developmental Studies Hybridoma Bank; GFAP, glial fibrillary acidic protein; NCAM, neural cell adhesion molecule; PCNA, proliferating cell nuclear antigen; PSA-NCAM, polysialylated form of NCAM.
Limiting Dilution Assay
For the limiting dilution experiment, a single cell suspension was plated at decreasing densities in 96-well plates (Nunclon; Nunc, Roskilde, Denmark) containing 200 KL of culture medium per well. Cells were plated at 250, 100, 50, and 10 cells per well (n = 3). After 7 DIV, those wells negative for neurosphere formation were quantified. The data were then log transformed and plotted against plating density. A linear regression line was obtained and allowed to establish the density of cells necessary to form a neurosphere. The intercept of log (37%) gave the frequency of cells capable of proliferating to form neurospheres, as described (34) .
Proliferative Activity in Neurospheres
For proliferative activity studies, 5 DIV neurospheres were treated with 20 mmol/L BrdU during a 24-hour period. After treatment, neurospheres were collected by centrifugation, fixed in a Bouin fixative, and embedded in paraffin. Serial sections were obtained and either stained with hematoxylin to quantify mitotic figures from digital images or immunostained with anti-BrdU to estimate the BrdU labeling index, which was expressed as the fraction of BrdU-positive cells over the total number of cells. Immunoreaction was detected using the Elite Vectastain ABC kit (PK-6200, Vector Laboratories, Burlingame, Calif ).
Neurosphere Differentiation
Five DIV neurospheres were plated on polylysine (Sigma)-coated coverslips and further cultured for 2 days in DMEM/F12 medium devoid of epidermal growth factor and supplemented with 5% fetal bovine serum (GIBCO, Carlsbad, Calif ). The coverslips containing the differentiated cells were immersed in Bouin fixative for 1 hour at 4-C, washed 3 times with Tris-HCl buffer, and then processed for double immunolabeling using antibodies against GFAP and A-tubulin III, as previously described.
RESULTS
The VZ and SVZ Are Disrupted in Hydrocephalic Mice
In newborn wt mice, the lateral ventricles were wide open but their lumens were slender at the rostral level. The VZ contained cells with long basal processes that project to the underlying neuropil; these cells were immunostained with RC2 (data not shown) and A2B5 and likely correspond to radial cells (Figs. 1A, B) . The lectins LFA and TL stained the ventricular surface and the cell body of these cells, respectively. In hyh mice, disorganization of the VZ led to the fusion of the ventricular walls at the narrowest regions of the lateral ventricles (Figs. 1C, D ). There were rosette-like structures in the ventral area of the lateral ventricle lined by radial cells (Fig. 1D ), which stained with RC2 and A2B5 antibodies (not shown) and the LFA and TL lectins (Figs. 1EYG) . Small lumens were frequently found at the ventral and dorsal tips of the rostral horn of the lateral ventricles in the hyh mice; as the hydrocephalus progresses, these cavities expand and appear as an irregularly shaped cavity devoid of ependymal (30) . In wt P0 mice, cells forming the VZ and the SVZ were clearly distinguishable in semithin sections stained with toluidine blue (Figs. 1H, I ). The VZ contained columnar cells with elongated indented nuclei that were lightly stained; the SVZ cells had a smaller, irregularly shaped, and strongly basophilic nucleus (Figs. 1H, I ). In hyh mice, some VZ cells were distinguishable but were markedly reduced in number; SVZ cells were relatively numerous and displaced toward the midportion of the ventricle (Figs. 1J, K) . Small clusters of cells of the VZ in hyh mice that maintained an epithelial-like organization and formed small rosette-like structures were identified by EM (Fig. 1L) . In wt P6 mice, the A2B5 antibody labeled radial cells in the VZ and cells that probably correspond to glial precursors in the SVZ ( Fig. 2A) . At the site of fusion of the ventricular walls of P6 hyh mice, there were scattered A2B5-reacting cells that did not constitute a VZ proper (Fig. 2B) . The area of fusion of the ventricular walls of P11 hyh mice contained scattered clusters of ependymocytes and a few neuroblasts (Fig. 2C ) that were labeled with TL lectin and A-tubulin III, respectively (Figs. 2D, E) . Neuroblasts and scarce ciliated ependymocytes in these regions of ventricular fusion were identified in toluidine blue<stained semithin sections (Fig. 2F) and EM (Fig. 2G) . Small rosettes formed by ependymocytes that displayed apical adherent junctions and cilia that projected to a small lumen were also identified by EM (Figs. 2G, H) . The large ventral rosettes were lined by ciliated ependymal cells that were joined together by adherens junctions (Figs. 2I, J, K) . The SVZ contained densely packed neuroblasts (Fig. 2I) . The lumens of the large ventral rosettes were filled with A-tubulin IIIYpositive neuroblasts and a few GFAP-positive cells (Fig. 2L ). These cells reached the rosette lumens in areas where the wall of the rosette was interrupted (Figs. 1C, D, 2F) .
In adult wt mice (P60), the embryonic VZ had been replaced by a ciliated mature ependymal layer; the SVZ contained the A (neuroblasts), B (astrocytes), and C (progenitor) cell types as described in other mouse strains (35) (Figs. 3A, B) . Electron microscopy combined with 3 H-thymidine showed labeling in proliferating C cells (Figs. 3CYE) . In P60 hyh mice, the ependyma was missing and the cell organization of the SVZ niche was completely disrupted; there were numerous neuroblasts lying on the free surface of the ventricle and exposed to the cerebrospinal fluid (CSF). Isolated proliferative cells labeled with 
Cell Proliferation in the SVZ of Hydrocephalic Mice Is Markedly Reduced
Newborn wt mice displayed the distinct enlargement of the SVZ associated with the rostral migratory stream (Fig. 4A ). In addition, there was a thin SVZ lying along the ventral two thirds of the external wall of the lateral ventricle (Fig. 4B) . During the first postnatal week, the proliferative activity in the SVZ of wt and mutant hyh mice was investigated by pulse and cumulative labeling with BrdU (Protocols 3, 4, and 5). In wt mice, the pulse labeling revealed numerous proliferating cells of the dorsal SVZ (Figs. 4A, B) . The dorsal SVZ of the mutant mice, however, displayed a 56% reduction in the number of labeled cells (Figs. 4CYE) . Cumulative labeling with BrdU during the course of 3 days (Protocols 4 and 5) revealed a high number of proliferative cells in the dorsal SVZ of P3 and P6 wt mice (Figs. 4G, H) , whereas P3 and P6 hyh mice displayed a 48% and 65% reduction in the number of labeled cells in the dorsal SVZ, respectively (Figs. 4G, H) .
In wt mice, the ventral SVZ had a distinct row of labeled cells (Fig. 4B) , whereas clusters of labeled cells were seen along the fused ventricular walls in the mutant mice (Fig. 4E) . In the mutant mice, the most ventral region of the lateral ventricle was open and lined by ependyma that made up rosette-like structures. This lining was frequently interrupted by masses of cells that protruded into the ventricle. Many of these cells displayed small and strongly basophilic nuclei, many of which were labeled with BrdU (Figs. 4E, F) .
Reduction in SVZ Proliferative Activity Is Not Caused by a Cell Autonomous Defect
The previous results indicate that the proliferative activity of the SVZ in postnatal hyh hydrocephalic mice was severely reduced and its organization was disrupted. The possibility that these abnormalities were a consequence of a cell autonomous SVZ progenitor defect caused by the >-Snap mutation was considered. If this were the case, even with a nonaltered neurogenic niche, the SVZ cells should have been unable to proliferate and/or differentiate properly. To test this hypothesis, we assessed the in vitro proliferative activity and neurogenic potential of the SVZ cells from hyh mutant mice. Neural progenitor cells from P3 wt and hyh mice were expanded in a neurosphere culture system derived from brain slices as described (32) (Fig. 5A) . Bright, compact, and spherical neurospheres were obtained from both wt and hyh cultures at 3Y4 DIV (Figs. 5B, C) . Limiting dilution assays were performed to quantify the number of progenitors that reside in the SVZ of the wt and hyh animals. The neurosphereforming frequency was 1 neurosphere every 665 plated cells in wt animals and 1 neurosphere every 1,400 plated cells in the hyh animals (Figs. 5D, E) . This supports the observations obtained by pulse and cumulative labeling with BrdU in brain sections and indicates that the neural progenitor cell population in the hyh animals is reduced to about half of that of wt animals. To evaluate neural progenitor cell proliferation in vitro, 2 protocols were used: quantification of mitotic figures in hematoxylin-stained sections of neurospheres No statistically significant differences between the wt and hyh cultures were identified with these protocols (Figs. 5H, K) .
The cell lineages of neurosphere cells were then analyzed in a differentiation assay. Neurospheres from wt and hyh mice originated neurons (A-tubulin III positive) and astrocytes (GFAP positive) (Fig. 5L) . This indicated that stem cells collected from wt and hyh mice were multipotent and that this property was also expressed in vitro. Neurons derived from both wt and hyh neurospheres showed normal appearances, with a variable cell body shape that was approximately 15 Km in diameter, and long branching processes (Fig. 5L, inset) . Astrocytes showed typical stellate morphologies with many short processes (Fig. 5L) .
Abnormal Location of Neuroblasts in the Ventricular Lumen
In wt P11 mice, the embryonic VZ was replaced by mature ciliated ependymal; the SVZ contained GFAP-reactive cells intermingled with A-tubulin IIIY and PSA-NCAMYpositive neuroblasts in a zone of intense cell proliferation (Figs. 6AYD) . Similar to the earlier time points, there was a reduction in the proliferative activity of the SZV in P11 hyh mice as assessed using PCNA immunocytochemistry (Figs. 6C, G) .
In P11 hyh mice, the walls of the denuded lateral ventricles (Fig. 6H ) displayed a layer of GFAP-positive cells (Figs. 6E, F) , which corresponded to the astrocyte reaction that occurs in this mutant after ependymal denudation (30) . In these mice, A-tubulin IIIY and PSA-NCAMYpositive neuroblasts were found on top of the astroglial layer and exposed to the ventricular lumen and the CSF, crossing through the glial layer, and under the glial layer (Figs. 6E, F) . Many of these neuroblasts were PCNA positive (Fig. 6G) and incorporated BrdU. By EM, neuroblasts were detected under and among the astrocyte layer that formed the glial scar and on the free surface of the ventricle (Figs. 6IYK) . In P33 hyh mice, A-tubulin IIIY, PCNA-, BrdU-, and PSA-NCAMY positive neuroblasts were found above and below the glial scar (Figs. 6LYN) . Neuroblasts exposed to the ventricular lumen were readily observed by scanning EM (Figs. 6P, Q) . In the oldest hyh mice studied, at P300, cells labeled for PSA-NCAM or A-tubulin III were found above, below, and among the glial scar (Fig. 6O) .
The Rostral Migratory Stream Is Severely Affected in Hydrocephalic Mice
In wt P33 mice, numerous proliferative BrdU-and PSA-NCAMYpositive neuroblasts were migrating and unsheathed by GFAP-labeled astrocytes (Figs. 7AYE) . Chains of these neuroblasts joined the rostral migratory stream. In contrast, BrdU-and PSA-NCAMYlabeled neuroblasts were very scarce in P33 hyh mice (Figs. 7F, I ), and only short chains of neuroblasts were occasionally observed in these mice (Fig. 7G) .
DISCUSSION
In hydrocephalic hyh mutant mice there is disruption of the VZ that starts during early embryonic life and extends to the first postnatal week (15, 28Y30) . Thus, these mice are born with most of the ventricular surfaces, including the lateral wall of the lateral ventricles, devoid of ependyma (28) . Most cerebral cortical neurons are generated between Embryonic Days 11 and 18 (E11Y18) in mice (36); these stages correspond to human Gestational Weeks 8 to 16 (36) . Thus, the first postnatal month stage studied here roughly corresponds to the second half of human gestation. Maturation of the ciliated ependyma is complete during the first postnatal week in mice (unpublished observation), whereas, in humans, this process is complete at 22 weeks of gestation (37) .
The numbers of proliferating neural progenitors in the SVZ of hyh mutant mice were markedly reduced compared with wt mice. Ependymal denudation and reduction of SVZ cell proliferation have also been observed in neonatal rats with kaolin-induced hydrocephalus (23), but why hydrocephalic animals have reduced numbers of SVZ progenitors is unclear.
It is possible that as a result of VZ disruption during development, the mutant mice generate low numbers of NSCs. Recent evidence indicates that ependymocytes expressing prominin-1/CD133 are quiescent stem cells that can be activated under certain conditions (12) , and Gleason et al (13) reported that the activation of quiescent ependymal stem cells by injury in combination with growth factors can lead to asymmetric cell divisions (a characteristic of stem cells) and transfer of the progeny into the SVZ. A previous study by Del Bigio and Bruni (14) had also shown the appearance of mitoses in the ependymal layer of rabbits with induced noncommunicating hydrocephalus. The SVZ stem cells, which have been named B1 cells, are derived from radial cells of the VZ and retain epithelial properties (5, 6) . Therefore, alteration of the development of the VZ in hyh mice might indicate loss of these SVZ stem cells and reduction of the number of neural progenitors.
Reduction in the number of neural progenitors might also be caused by increased cell death associated to metabolic factors, such as a reduced blood flow occurring during the hydrocephalic process (38) , as suggested by Del Bigio and Zhang (22) . Reduced numbers of progenitor cells in the SVZ of hyh mice might also be ascribed to a defect in the Bmaintenance[ of the proliferative state of neural progenitors. In this context, we found a 48% reduction in the number of BrdU-labeled cells at P3 and a 65% reduction at P6 in the SVZ, suggesting that the reduction in the numbers of SVZ proliferative cells progresses in the postnatal period. These abnormalities might be the consequence of a cell autonomous defect of SVZ progenitors and/or an altered neurogenic niche.
The Reduction of SVZ Proliferative and Neurogenic Activity in hyh Mice Is Not Caused by a Cell Autonomous Defect
To address the possibility of a cell autonomous defect in the SVZ, the intrinsic proliferative and neurogenic capacities of neuronal progenitors from hyh and wt mice were evaluated in vitro. We found that NSCs from both wt and hyh mice had similar capacities to proliferate and form neurospheres. On the other hand, limiting dilution assays showed that the population of neural progenitors in hyh mice was reduced by about 50%. These results suggest that the in vivo reduction of SVZ proliferative activity observed in hyh mutant mice is not a consequence of a reduced rate of mitotic activity but is likely caused by reduced numbers of SVZ progenitors. Interestingly, the reduction in the number of SVZ BrdU-labeled cells in early postnatal hyh mutant mice (P0YP3) was less marked than the reduction observed in the P3 to P6 period, suggesting that the progressive hydrocephalus in these animals contributes to loss of proliferative neurogenic cells. Recent findings from our laboratory regarding the temporospatial expression pattern of >-Snap indicate that in wt mice, it is expressed heterogeneously in different brain regions and by different cell types (39) . During embryonic development and early postnatal periods, >-Snap is preferentially expressed in the VZ/ependymal lining with a low level of expression in the SVZ in wt mice (27) . The mutant protein is about 40% less abundant in brain lysates in hyh mice compared with controls (26) , but the decrease of >-Snap mutant protein varies at different developmental stages and in different brain regions (40) . This differential expression might explain why despite the loss of the VZ/ependymal lining the SVZ cells maintain their proliferative and differentiating properties. Therefore, reduction of the proliferative and neurogenic activities of the SVZ would not necessarily be caused by a cell autonomous defect but rather be a consequence of an altered neurogenic niche.
Loss of Ependymal Cells, Hydrocephalic CSF, and Reactive Astrogliosis Could Alter the SVZ Neurogenic Niche
Microenvironmental cues and cell-cell interactions are critical for the maintenance of the NSC niche; they act to balance stem cell quiescence with proliferation and to direct cell differentiation decisions (41) . Ependymal cells are a key component of the neurogenic niche. Ependymal cell-derived noggin promotes the neural lineage (10), whereas ependymal cellYderived pigment epithelium-derived factor specifically stimulates B cells of the SVZ, thereby maintaining a pool of undifferentiated NSCs in the neurogenic niche (11) . In this context, the loss of ependymal cells in the neurogenic niche of hyh mice may impair pigment epithelium-derived factor< mediated signaling, and this would alter the rate of proliferation of SVZ cells.
The molecular microenvironment of the neurogenic niche is also influenced by the composition of the CSF. The CSF contains several compounds that participate in the neurogenic process (42Y46). For example, ciliary neurotrophic factor and leukemia inhibitory factor play important roles in promoting proliferative activity and maintenance of undifferentiated neural progenitors (47, 48) . The breakdown of this CSF-mediated signaling pathway in mutant animals causes an abnormal growth and differentiation of the ventral forebrain (48) . The composition of the CSF is altered in hydrocephalus (49, 50) , and the hydrocephalic CSF inhibits the proliferation of cortical cells, possibly by affecting neural progenitor cells (50) . Indeed, the altered composition of CSF affects normal cortical development in hydrocephalic Texas rats (51) . The effects of hydrocephalic CSF on the SVZ neurogenic niche, however, have not yet been reported.
In hyh mice, the denuded ventricular surface becomes progressively covered by a layer of astrocytes (Fig. 6) (30) . Thus, not only the absence of the ependymal lining but also the presence of the astroglial Bscar[ might affect the neurogenic niche and reduce the proliferative activity of SVZ neural progenitors. Reactive astrogliosis is a common phenomenon in hydrocephalus (52Y54), and Del Bigio and Bruni (14) described an increase in mitotic activity among subependymal astrocytes in adult rabbits with silicone oilYinduced hydrocephalus. Interestingly, this increase was not correlated either with ventricular dilatation or with stretching of the ependymal lining (14) . Upon activation by injury, astrocytes release cytokines and chemokines that aid in the recruitment of other astrocytes (55) . This cell recruitment leads to the formation of a scar, which has the potential to block neuronal regeneration and revascularization and, thus, would interfere with the recovery of the injured area (55, 56) . On the other hand, when ependymal cells are experimentally damaged, subependymal astrocytes are incorporated into the ventricular surface and they acquire certain morphological and antigenic ependymal cell<like properties and contribute to the repair of the ependyma (57) . In hyh mice, reactive astrocytes reach the ventricular surface, proliferate, and start to express some ependymal cell markers (30) . Thus, the positive or negative role of the astroglial scar on the SVZ niche of hyh mice is not clear at this time.
Disruption of SVZ Histoarchitecture and Neuroblast Misplacement
Subventricular zone disorganization was evident in hyh mice as early as P0, when the lateral ventricles were denuded but not enlarged ( Fig. 1) (30) . Therefore, SVZ disruption cannot be ascribed to a mechanical effect such as ventricular wall stretching caused by increased intraventricular pressure. One consequence of the SVZ alteration is the appearance of 40-week-old human hydrocephalic embryos (21) . The origin of misplaced neuroblasts at the ventricular wall is most likely the SVZ progenitor cell population. Supraependymal neurons (60) and phagocytes (61, 62) , however, may be sources of some of those misplaced cells, but the fate of neuroblasts that are misplaced in the ventricular surface is not known. A recent report describes the presence of proliferative neural progenitors in the CSF of preterm patients with hydrocephalus, which strongly supports the possibility that neuroblasts misplaced on the denuded ventricular surface become free in the CSF in hydrocephalic human fetuses (63) . The presence of proliferating neuroblasts at the free ventricular surface of hyh mice also supports this hypothesis. Otherwise, these cells should accumulate at the ventricular wall. The drastic reduction of the proliferative activity in SVZ progenitors, the reduced number of such progenitors, and their displacement to the ventricular cavity might all contribute to the marked reduction in numbers of neuroblasts migrating through the rostral migratory stream of hyh mice.
In summary, we have shown that the ependymal loss in hyh mice is associated with a disruption of the SVZ niche, a marked reduction in the proliferation of SVZ cells, an abnormal displacement of neuroblasts to the ventricle, and a reduction in numbers of neuroblasts migrating through the rostral migratory stream.
